We analyze and compare two typical recording and thermal fixing procedures of a volume hologram in a Fe:LiNbO 3 crystal ͑low-high-low procedure and high-low procedure͒. We consider the kinetics of the recording, compensating, and developing processes by taking into account the ratio of the conductivities between the protons and the electrons as a function of temperature. From the analysis the optimal environmental conditions ͑in terms of the fixing temperature and the compensation time͒ for each fixing procedure can be deduced for a crystal with given material parameters.
Introduction
Fixing of the refractive-index grating is one of the key issues for volume holographic memory. Thermal processing is by far the most popular and effective technique for storing nonvolatile photorefractive memories in Fe:LiNbO 3 crystals. [1] [2] [3] [4] [5] [6] [7] In general, thermal fixing is a means of transforming a photoinduced volatile ͑i.e., erasable by the readout beam͒ electronic grating into a nonvolatile ionic grating ͑which is insensitive to optical illumination͒ by means of the following three phases: ͑1͒ the recording phase, ͑2͒ the fixing ͑or the compensating͒ phase, and ͑3͒ the developing phase. 8 -14 In the recording phase an electronic grating evolves in the crystal ͑by means of the photorefractive effect͒ in response to a nonuniform illumination of light. In the fixing ͑or the compensating͒ phase the crystal is heated to an elevated temperature ͑usually Ͼ400 K͒ when the protons ͑or the ions͒ migrate to form a complementary ionic grating. With opposite charge distributions the electronic and the ionic gratings compensate each other either partially or completely. In the developing phase the crystal ͑with the compensated grating pair͒ is cooled to near room temperature and then illuminated with a uniform ͑and preferably incoherent͒ developing beam. If the proton migration is negligible at near room temperature, the ionic grating will be frozen and developed ͑or manifested͒ when the electronic grating is gradually erased by the uniform developing beam. The main idea for those processes is that proton migration occurs at high temperature for the neutralization of the electronic grating, which is built at either low or high temperature. This ionic grating is not affected by light illumination at low temperature, and as a result the phase grating is fixed in the crystal. Thus thermally induced conductivities of the protons and the electrons at elevated temperature play the critical roles that determine the diffraction efficiency of the fixed grating. In terms of this viewpoint several models have been proposed to explain the mechanisms of the thermal fixing. [15] [16] [17] [18] [19] [20] [21] Above all, the efficiency and the lifetime of the fixing ionic grating are the main issues addressed in these proposals. In this paper we present our studies on the analysis of the thermal fixing by means of the kinetics of the recording, fixing, and developing processes for photorefractive memories in Fe:LiNbO 3 crystals. From the analysis we deduce the optimal environmental conditions for a crystal with a given irondoped concentration. In particular, the influences of the compensation time and the fixing temperature for given material parameters are presented.
Theoretical Analysis
Thermal fixing has been studied by many authors. 17, 18 It was proposed that an ionic grating could be recorded in a photorefractive crystal through migration of protons inside the crystal as the crystal is elevated to a certain temperature. There are three processes involved: photoelectron grating buildup, proton migration and compensation, and ionic grating development. By taking into account the compensation effect of ions with the electronic grating in Kukhtarev's band transport model and following procedures similar to those in Kukhtarev's paper 22 ͑separating all parameters into dc terms and modulation terms and then solving the coupled material equations for the dc terms and the modulation terms, respectively; here we use subscript 0 as the dc term and subscript 1 as the modulation terms͒, we can obtain the dynamics of modulation of two spacecharge densities, the empty electron trap density ͓N D1 t ͑t͔͒, and the ion density ͓n i1 ͑t͔͒,
where where e ϵ q e n e0 ͞⑀, the electronic dielectric relaxation rate,
i ϵ q i n i0 ͞⑀, the ionic dielectric relaxation rate. (9) The definitions and the values of all parameters are listed in Table 1 . By substituting the spacecharge distribution into Poisson's equation, we can write the space-charge field in the crystal as
where
Note that, in Eq. ͑10͒, E 0 represents the dc term of the space-charge field. To calculate E sc ͑t͒, Eqs. ͑1͒ 
and ͑2͒ should be solved with appropriate boundary conditions. In practice there are two cases: with and without an externally applied field. For each of the two kinds of boundary conditions two thermal fixing procedures have been practiced 17, 18 : ͑i͒ the low-high-low ͑L-H-L͒ procedure and ͑ii͒ the high-low ͑H-L͒ procedure or the simultaneous recording and compensating procedure. In the L-H-L procedure an electronic grating is first recorded by illumination of the crystal with the recording beams at low temperature ͑usually at room temperature, at which proton migration is negligible͒. The protons are then thermally activated to form an ionic grating that neutralizes the electronic grating when the crystal is heated to high temperature without light illumination. Finally the ionic grating is developed by a non-Bragg-matched uniform beam at low temperature. In the H-L procedure the recording and the compensating processes occur simultaneously by illumination of the crystal with the recording beams at high temperature, and the developing process is then carried out at low temperature. Each phase of the above procedures produces different initial conditions for the differential equations ͓Eqs. ͑1͒ and ͑2͔͒.
To provide a better vision of the kinetics of the fixing procedures, we perform a computer evaluation for both fixing procedures under different boundary conditions. Before doing that, we show a qualitative analysis of the thermal fixing within the framework of the conductivity properties of the electrons and the protons. Because the thermal fixing process depends crucially on the migration of the protons at high temperature, the ratio of the ionic conductivity and the electronic conductivity as a function of temperature plays a key role in thermal fixing. The thermally dependent conductivities of the electrons and the protons are considered and expressed as
The ratio of the ionic to the electronic conductivities is shown in Fig. 1͑a͒ for the case in which the crystal is under light illumination of intensity 150 mW cm
Ϫ2
. This corresponds to both the recording and the developing phases in the L-H-L procedure and to the simultaneous recording and compensation and the developing phases in the H-L procedure. This ratio is shown in Fig. 1͑b͒ for the case in which the crystal is kept in the dark, which corresponds to the compensating phase in the L-H-L procedure. It can be seen from Fig. 1͑a͒ that the ionic conductivity is negligibly small at room temperature; the ratio becomes larger than 1 when the temperature is raised to above 390 K, and it reaches a maximum value at ϳ450 K. This explains qualitatively why net electronic grating could be built up during the recording phase in the L-H-L procedure, why the crystal should be heated to an elevated temperature during the simultaneous recording and compensating phase in the H-L procedure, and why the ionic grating can be revealed by light illuminated at low temperature for both the L-H-L and the H-L procedures. However, Fig. 1͑b͒ shows that the ratio is always larger than 1 in the dark for the present range of temperature. This means that the conductivity that is due to thermal excitation for ions is always larger than that of the electrons. This implies that, in the L-H-L procedure, the ionic grating compensating process could be carried out at any temperature. However, at room temperature the absolute values of the ionic and the electronic conductivities are negligibly small such that the time needed to reach complete compensation becomes unacceptably long ͑the time constant is approximately 9 ϫ 10 7 s at room temperature, which is shown in Section 3͒. Thermal fixing of the grating at low temperature is not practical. Therefore, to build up an efficient ionic grating within acceptable finite time, it is necessary to heat the crystal to appropriate temperatures. At elevated temperatures, the ionic conductivity is dominant and the ions readily compensate for the electronic grating. Finally, it is worth noting from Fig. 1 that at low temperatures the ionic conductivity is always so small as to be negligible, and thus the ionic grating maintains at the state of quasi-permanent storage.
Analysis of Thermal Fixing Dynamics
In this section we use computer evaluation to study the dynamics of thermal fixing for the above two procedures under short-circuit and open-circuit cases, respectively, and then determine the optimal conditions of the thermal fixing, in terms of compensation time and temperature.
A. Short-Circuit Case
An analytic solution for the space-charge field can be solved for each phase and is given as
where A-D are four integral constants that can be determined by the initial conditions of N D1 t and n i1 in each process, respectively. In Eq. ͑14͒ it is seen that there are two time constants related to the temporal response of the space-charge field. This implies that there are two different factors that simultaneously affect the kinetics of the thermal fixing. It is plausible to consider that one is for the ionic grating and the other is for the electronic grating. Below we see that 2 is related to the electronic grating growth and 1 is related to the ionic grating growth.
Low-High-Low Process
By using Eq. ͑14͒ we obtain a temporal variation of the strength of the space-charge field, E sc , with the corresponding crystal temperature for a L-H-L procedure, as shown in Fig. 2 . In the recording phase ͑0 Ͻ t Ͻ t r ͒ the crystal is kept at near room temperature while illuminated by the reference and the object waves. Since, in the beginning, the grating was not yet recorded in the crystal, the initial conditions are N D1 t ͑0͒ ϭ 0 and n i1 ͑0͒ ϭ 0. The modulation of the space charge N D1 t ͑t͒ and n i1 ͑t͒ can be written as , and T ϭ 300 K. It is seen that N D1 t ͑t͒ tends to increase rapidly and that n i1 ͑t͒ rarely compensates the electronic field, because the values of n i1 ͑t͒ are 3 orders of magnitude less than that of N D1 t ͑t͒. This means that, at low temperature, although the protons are movable to form an ionic grating, the conductivity of protons is much smaller than that of electrons under light illumination; consequently, the proton compensation is too slow to neu- tralize the electronic grating in finite time. The net space-charge field therefore increases as the electronic grating builds up ͑as shown in phase I in Fig. 2͒ .
When the electron grating reaches saturation at t ϭ t r ͑we take 2000 s for recording͒, both recording beams are cut off and the crystal is heated to a high temperature. Before the beginning of the compensating phase ͑t r Յ t Ͻ t r ϩ t c ͒, an electronic grating was recorded during the recording phase and is rarely compensated by protons. Therefore the initial conditions for the compensation phase are taken as N D1 t ͑t ϭ t r ͒ ϭ N D1 t ͑t r ͒ and n i1 ͑t ϭ t r ͒ ϭ 0. The modulation of the space charge N D1 t ͑t͒ and n i1 ͑t͒ can be written as
Note that in Eqs. ͑18͒ two exponential terms with different signs and different time constants 1 and 2 are involved in the development of the thermally fixed ionic grating. It is interesting to see the physical mechanisms that are related to 1 ͑t r ͒exp͓Ϫ͑t Ϫ t r ͒͞ 1 ͔. This implies that in Eq. ͑18b͒ the former term contributes to the growth of the ionic grating and that the latter term reduces the growth of the ionic grating, which results from thermal erasure of the electron grating. In other words, 1 is related to the buildup of the ionic grating, and 2 is related to that of the electronic grating.
Figures 4͑a͒ and 4͑b͒ show the dynamics of N D1 t ͑t͒ and n i1 ͑t͒, respectively, for the case in which temperature T ϭ 400 K. It is seen that in Fig. 4͑a͒ the modulation N D1 t ͑t͒ first drops a little, quickly, and then decreases, slowly. In Fig. 4͑b͒ the modulation n i1 ͑t͒ shows a similar trend. Note that at high temperature both electrons and protons have high mobilities. In the beginning of the compensating phase the drift effect produced by the space-charge field of the initial electronic grating makes thermally excited electrons and protons move to neutralize each other. This process is faster than that of the electronic grating erasure, which is caused by the diffusion effect of the thermally excited electrons. Thus the compensation takes place at a high rate until the electronic grating has been compensated completely. In other words, the grating compensation is actually complete in the short beginning period. Further compensation will cause a decay of both the electronic and the ionic gratings as a result of the thermally excited effect.
The growth of the ionic grating depends crucially on the temperature, T. Typically, the higher the temperature, the larger the compensation rate and thus the faster the ionic grating growth rate. However, higher temperatures also cause a faster decay of the electronic grating ͑by means of thermal excitation͒, and it tends to reduce the strength of the compensating ionic grating. Therefore there is a trade-off between the compensation time and the fixing temperature to obtain the optimal conditions for maximizing the diffraction efficiency of the fixed grating. The guidelines for choosing the optimal conditions are presented later in this section.
In the developing phase ͑t r ϩ t c ϩ t d Ն t Ն t r ϩ t c Ϸ 3000 s in Fig. 2͒ , the crystal is cooled to room temperature and then illuminated by a non-Bragg-matched beam. The light beam causes partial redistribution of the trapped electrons by photoexcitation and thereby reveals the ionic grating, which manifests itself as the space-charge field is built up. Since the electronic and the ionic gratings have been building up in the compensating state and since the compensation time is t c , the initial conditions for the development phase are taken as N D1 t ͑t r ϩ t c ͒ and n i1 ͑t r ϩ t c ͒. The modulations of the space charge, N D1 t ͑t͒ and n i1 ͑t͒, can be written as Figures 5͑a͒ and 5͑b͒ show the dynamics of N D1 t ͑t͒ and n i1 ͑t͒, respectively, for the case I 0 ϭ 150 mW cm Ϫ2 and T ϭ 300 K. It is seen that in Fig. 5͑b͒ the n i1 ͑t͒ modulation keeps essentially constant through- , and T ϭ 300 K.
out this phase because of the low ionic conductivity at this temperature. However, in Fig. 5͑a͒ , the N D1 t ͑t͒ modulation first decreases rapidly when the electronic grating is erased by photoexcitation. It then decreases slowly by the residual intrinsic ionic migration at low temperature. As a result the spacecharge field increases up to a saturated value that is determined by the degree of redistribution of previously trapped electrons. The required developing time can be defined as the time required for the modulation N D1 t ͑t͒ to reach the local minimum values. Therefore the developing time can be determined by use of Eq. ͑19a͒. For the example shown in Fig. 5͑a͒ it is ϳ1350 s. It is interesting to note that during the readout stage the fixed grating is illuminated by a weak probe beam. The lifetime of the grating is determined by the decay time of the ionic grating. By using Eq. ͑19b͒ with parameters in Table 1 , we can estimate the lifetime of an ionic grating in LiNbO 3 :Fe at room temperature to be ϳ3 yr. Now the final strength of the space-charge field can be obtained. Note that, during the recording and the developing phases in the L-H-L procedure, which occur at low temperature, only photoinduced electronic gratings are involved in the dynamics. The compensation temperature and time at high temperature play a crucial role for determining the grating strength of the ionic grating. In other words, the final strength of the space-charge field ͑immediately after the developing procedure͒ is determined by the compensation temperature and time. Figure 6 shows the final strength of the space-charge field as a function of compensation temperature for various compensation times t c in the range of 500 -8000 s. Note that for a given t c the strength of the spacecharge field increases with temperature, reaches a maximum value near T ϭ 350-390 K, and then decreases with temperature, owing to thermal excitation of the charge carriers. The higher the temperature, the greater the reduction of the peak space-charge field. It is also seen that both the location and the magnitude of the peak space-charge field depend on the compensation time. Larger peaks occur at lower temperature, provided that we take longer compensation time. Although the magnitude of the peak increases as the compensation time increases, the effect is relatively mild for the long compensation time in the range of 1000 -8000 s.
By differentiating Eq. ͑18b͒ with respect to time, we can obtain a required compensation time t c for reaching the maximum magnitude of the ionic grating n i1 ͑t͒. Both the maximum magnitude and the required compensation time are functions of the compensation temperature. Therefore the maximum of the space-charge field that can be revealed after developing can be obtained. The results of the numerical calculation are shown in Fig. 7 . It is seen that the magnitude of the maximum space-charge field and the required compensation time both decrease with temperature. The figure provides us a useful guide for designing the fixing environments. By using this plot, for a given temperature, we can determine the required compensation time t c for maximizing the space-charge field. The figure also shows that, in principle, the ionic fixing can be carried out at virtually any temperature, provided that a sufficiently long compensation time is allowed. This is again in agreement with the description in Section 2. In the example considered here, t c ϭ 2000 s and T ϭ 373 K represent an appropriate condition and the compensation efficiency ͓defined by ͉n i1 ͑t r ϩ t c ͒͞ N D1 t ͑t r ͉͔͒ is ϳ82%, which is suitable for the experimental implementations.
High-Low Process
In the H-L procedure the crystal is heated to an elevated temperature ͑usually Ͼ370 K͒ first and then illuminated by both the reference and the object beams for recording holograms. Since, at high temperature, the protons ͑or ions͒ easily migrate to form a complementary ionic grating, the recording of the photoelectronic grating and compensating of the ionic grating occur simultaneously. There is no need for a separate compensating phase. The compensation is automatically achieved during the recording procedure. Because no grating has been recorded before the beginning of the recording phase, the initial conditions are set as N D1 t ͑0͒ ϭ 0 and n i1 ͑0͒ ϭ 0. Thus the dynamics of the modulation of the space charge is governed by the same formulas as in Eqs. ͑17a͒ and ͑17b͒, except with all parameters taken at high temperature. As an example, Figs. 8͑a͒ and 8͑b͒ show the dynamics of N D1 t ͑t͒ and n i1 ͑t͒, respectively, for the case of I 0 ϭ 150 mW cm
Ϫ2
, I 1 ϭ 50 mW cm
, and T ϭ 400 K. First, it is seen that the magnitude of the modulation n i1 ͑t͒ is the same order as that of the modulations N D1 t ͑t͒. This indicates that, at high temperature, the protons are allowed to move to form a complementary ionic grating at the same speed as when electronic gratings are formed. It is also seen that both N D1 t ͑t͒ and n i1 ͑t͒ oscillate as time increases. This effect occurs because, under optical illumination, the photovoltaic effect is large enough to provide an imaginary part of the response time, which makes the modulation terms oscillate. Similar to the L-H-L case, the fixed ionic grating strength depends crucially on the recording time and temperature. To obtain the maximum space-charge field, we should carefully choose the recording time such that the ionic grating strength is maximized. We can achieve this by ending the recording phase at the time when N D1 t ͑t͒ reaches the first peak. For the case in Fig. 8͑a͒ the recording time could be selected to be ϳ1400 s.
In the developing phase both the reference and the object beams are cut off, the crystal is cooled down to room temperature, and then the ionic grating is developed while the crystal is illuminated by a nonBragg-matched uniform beam. Because the environmental conditions in this phase are the same as those in the L-H-L procedure, the dynamics of N D1 t ͑t͒ and n i1 ͑t͒ are the same as those in the L-H-L procedure, which are governed by Eqs. ͑19a͒ and ͑19b͒.
Using Eqs. ͑17a͒ and ͑17b͒ and ͑19a͒ and ͑19b͒, we can obtain the complete dynamics of thermal fixing for H-L procedure. The dependence of the final strength of the space-charge field on the recording temperature is plotted in Fig. 9 for various recording times in the range of 500 -8000 s. It is seen that for a short recording time ͑e.g., 500 s͒ the space-charge field increases as the recording temperature increases from room temperature, reaching a maximum value near T ϭ 390-420 K. Further temperature increase causes the grating strength to decrease, because the uniform thermal excitation tends to dominate over the photoexcitation of the interference fringes ͓as shown in Fig. 1͑a͔͒ . However, for long recording time ͑e.g., t r Ͼ 4000 s͒, the strength of the fixed space-charge field oscillates, owing to the large photovoltaic effect in the LiNbO 3 crystal. 23 To maximize the strength of the fixed grating, the fixing procedures ͑in terms of recording time and temperature͒ should be carefully designed. Figure 10 shows the reachable maximum strength of the space-charge field and the required recording time as a function of temperature. The two curves shown in Fig. 10 provide us with a useful guide for designing the fixing procedure in the H-L procedure. First, it is seen that there exists a temperature for which the reachable grating strength is at maximum. This is called the optimal temperature for the H-L process. In our case this occurs at ϳ380 K. Figure  10 also shows that the required recording time decreases monotonically as the temperature is raised above optimum. This is in agreement with the result shown in Fig. 1͑a͒ , where an optimal temperature exists for obtaining a unit conductivity ratio such that the compensating efficiency is maximized. For temperatures below the optimal value the reachable maximum grating strength is seen to be reduced only slightly. However, recording at excessively low temperature is undesirable, since it takes an unacceptably long time to complete the proton-electron compensation. Therefore there is a trade-off between the recording time t r and the temperature T.
B. Open-Circuit Case
Once the external constant dc field on the boundary of the crystal is removed, an open-circuit voltage will be developed across the two ends of the grating vector during each phase of recording, compensation, and developing. The temporal behavior of the dc field growth should be evaluated before we calculate the space-charge field.
E 0 ͑t͒ can be obtained by calculation of the surfacecharge density ͑t͒ at the end surface of the crystal under light illumination. 23 By substituting the surface-charge density into the current density formula ͑ J e0 ϭ dQ e ͞dt for electron, J i0 ϭ dQ i ͞dt for proton͒ and the Poisson's equation ͑E 0 ϭ Q i Ϫ Q e ͞⑀͒, the temporal behavior of the dc field can be solved for each phase. In the recording phase E 0 ͑t͒ grows during the recording and can be written as
where E 0ph is the saturated photovoltaic field and e , i are the dielectric relaxation rates, which are given by Eqs. ͑8͒ and ͑9͒. Comparing dielectric relaxation time ͑i.e., 1͞ e , 1͞ i ͒ with Eqs. ͑15͒ and ͑16͒, we found that the time constant for E 0 and that for the recording phase have the same order of magnitude. Therefore, the dc field cannot be assumed to be a constant during grating recording.
In the compensation phase the photovoltaic effect, which was the effect of driving the photoionized carriers to the end surface of the crystal, is removed, because all the recording beams are turned off. The photovoltaic field that was built up by the recording beams starts to decay, because of the high conductivity of the thermally excited electrons and protons. The electrons neutralize and the protons compensate the surface charges on the boundaries of the crystal such that the dc field drops from an initial value of E 0 ͑t r ͒ ͑where t r is the recording time͒. The dc field can therefore be given as
where e , i have been defined as in Eqs. ͑8͒ and ͑9͒. However, because of the strong dependence of n e0 on the light intensity and on the thermal excitation of photocarriers, the value of e , i in the compensation phase is different from that in the recording phase. In the development phase the photovoltaic effect is revealed again because of the illumination by a uniform developing beam. E 0 ͑t͒ grows from the initial field E 0 ͑t c ͒, which is the remaining field at the end of compensation, and can therefore be given as
where E 0ph , e , i are given by Eq. ͑21͒ and Eqs. ͑8͒ and ͑9͒, respectively. By substituting Eqs. ͑20͒-͑23͒ and Eqs. ͑8͒ and ͑9͒ into Eqs. ͑1͒ and ͑2͒, we can evaluate the temporal dynamics of the thermal fixing for various temperature conditions by using the fifthorder Runge-Kutta numerical method. Again, the reachable maximum space-charge field and the required compensation time with respect to the temperature for both the L-H-L and the H-L fixing procedures can be obtained. The results are plotted in Figs. 11 and 12 , respectively. Those two figures are a useful guide for designing the environmental conditions of the thermal fixing under the open-circuit boundary condition. Comparing Fig. 11 with Fig. 7 , we see that the maximum space-charge field and the required compensation time for both L-H-L procedures show the same trend. However, the absolute value of the space-charge field for the open-circuit case is somewhat smaller than that for the short-circuit case ͑ϳ25% less͒. However, comparing Fig. 12 with Fig. 10 , we see that the maximum space-charge field for the H-L procedures under the open-circuit condition drops significantly in the low temperature range and that the absolute value for the open-circuit case in the low temperature range is the smallest among the four cases. We believe that this significant drop results from the low grating strength during the recording phase. Note that it is interesting to see the resulting curve of the required recording time as a function of the recording temperature. The recording time first decreases quickly as the temperature increases. The trend of the curve is similar to that in Fig. 10 . However, when the temperature is close to the point of equal conductivity for the electrons and the protons such that the net effect of the dc field is weak, the oscillation phenomena that are due to the photovoltaic effect during recording will not occur. Under this condition the maximum value of the space-charge field can be increased, provided long recording time is allowed. Therefore the required recording time increases near this temperature. As the temperature is increased above this point, thermal excitation of electrons become stronger and thus the recording strength is again decreased.
Conclusion
By considering the thermal and the photoexcitation effects on the conductivities of protons and electrons, we have investigated the kinetic behavior of the thermal fixing of the photorefractive grating in a Fe: LiNbO 3 crystal. The thermal fixing properties in each phase have been analyzed in terms of the competition of the kinetics of the electronic and the ionic gratings modulation. Our theoretical analysis and computer simulation show that two operation parameters for optimizing grating fixing efficiency are the compensation temperature and time. We have developed a technique for selecting optimal operation conditions. In the L-H-L procedure the electronic gratings are recorded at low temperature, whereas the proton-electron compensation occurs at high temperature in the dark. In this case, the compensation efficiency is higher with lower compensation temperature and the compensation could be carried out at any temperature, provided a long compensation time is allowed. However, the compensation time required for reaching a complete compensation at low temperature is unacceptably long. For practical purposes an appropriate compensation time could be chosen first, and then the corresponding compensation temperature could be obtained for optimizing the fixing efficiency. However, in the H-L procedure, the recording of the electronic grating and the proton-electron compensation both occur simultaneously at high temperature. In this case the key for optimization is to record the ionic grating such that it is as strong as possible. Because of the photovoltaic effect, which arises under light illumination, the grating strength oscillates during the recording phase. Hence we could select the temperature and the time such that the recording and compensation process ends when the modulation of the ionic grating, n i1 ͑t͒, reaches the first local maximum. For this case we could first choose an appropriate recording and compensation temperature, and then the corresponding recording time is automatically obtained.
